For several species, refuges (such as burrows, dens, roosts, nests) are an essential resource for protection from 14 predators and extreme environmental conditions. Refuges also serve as focal sites for social interactions including 15 mating, courtship and aggression. Knowledge of refuge use patterns can therefore provide information about social 16 structure, mating and foraging success, as well as the robustness and health of wildlife populations, especially for 17 species considered to be relatively solitary. In this study, we construct networks of burrow use to infer social associ-18 ations in a threatened wildlife species typically considered solitary -the desert tortoise. We show that tortoise social 19 networks are significantly different than null networks of random associations, and have moderate spatial constraints. 20
Introduction 44
Social structure of wildlife populations is typically derived from observational studies on direct social interactions 45 [e.g. affiliative interactions in primates (Griffin and Nunn 2011; MacIntosh et al. 2012) , group association in dolphins 46 (Lusseau et al. 2006 ) and ungulates (Cross et al. 2004; Vander Wal et al. 2012) , food sharing in vampire bats (Carter 47 We next examined the spatial dependence of asynchronous burrow associations by using coordinates of burrows 139 visited by tortoises to calculate centroid location of each tortoise during a particular season of a year. Distances be-140 tween each tortoise pair (i, j) were then calculated as d i j = d ji = (x i − x j ) 2 + (y i − y j ) 2 where (x, y) is the coordinate 141 of tortoise centroid location. Pearson correlation coefficient was used to calculate the correlation between observed 142 edges in social network and geographical distances between the tortoises. We compared the observed correlation to 143 a null distribution of correlation values generated by randomly permuting spatial location of burrows 10,000 times 144 and recalculating correlation between social associations and distance matrix for each permutation. Correlation were 145 calculated using MantelTest package in Python (Carr 2015) . 146 Regression Analysis 147 We used generalized linear mixed regression models with Poisson distribution and log link function to assess burrow 148 use patterns. To capture seasonal variation in burrow use, we aggregated the response counts over six periods 149 Mar-Apr, May-Jun, Jul-Aug, Sep-Oct and Nov-Dec). Patterns of burrow use were analyzed in two ways. First, we 150 investigated factors affecting burrow switching, which we define as the number of unique burrows used by a tortoise in 151 a particular sampling period. Second, we investigated burrow popularity, defined as the number of unique individuals 152 using a burrow in a particular sampling period. Model variables used for each analysis are summarized in Table 1 . 153 All continuous model variables were centered (by subtracting their averages) and scaled to unit variances (by dividing 154 by their standard deviation). This standard approach in multivariate regression modeling assigns each continuous 155 predictor with the same prior importance in the analysis (Schielzeth 2010). All analyses were performed in R (version In this model, the response variable was burrow switching, defined as the total number of unique burrows used by 159 desert tortoises during each sampling period. An individual was considered to be using a burrow if it was reported 160 either inside a burrow or within 25 m 2 grid around a burrow. The predictors included in the model are described in 161 For this model, the response variable was burrow popularity defined as the total number of unique tortoises using a 166 focal burrow in a sampling period. The predictors included in the model are also described in Table 1 . In this model, 167 we also tested for three interactions between predictors including (i) sampling period × seasonal rainfall, (ii) sampling 168 period × local tortoise density, and (iii) local tortoise density × local burrow density. We treated burrow identification 169 and year × site as random effects.
170
Population stressors:
171
Disease: We considered tortoises exhibiting typical signs of URTD including nasal discharge, swollen (or irritated/ 172 sunken) eyes, and occluded nares to be indicative of an unhealthy animal. As diagnostic testing was not the focus of 173 the studies collecting the data, we were unable to confirm the infection status of individuals. Knowledge of confirmed 174 infection status of animals, however, was not central to our study as our aim was to measure behavioral response of 175 symptomatic individuals only. We included health condition in the regression model as a categorical variable with two 176 levels -healthy and unhealthy. An individual was considered to be unhealthy if it was reported to display clinical signs 177 of URTD at least once during the sampling period.
178
Translocation: We accounted for translocation in the regression model by giving each surveyed tortoise one of the 179 following five residency status at each sampling period: Control (C), Resident (R), Translocated (T), Ex-resident (ER) 180 or Ex-translocated (ET). Translocations were carried out at four (BSV, FI, LM, SG) out of nine sites in our dataset for 181 purposes described in previous studies (Drake et al. 2012; Nussear et al. 2012) . All animals native to the site were 182 categorized as Controls (C) during sampling periods before translocation occurred. For sampling periods post translo-183 cation, all native animals were categorized as Residents (R), and introduced animals were categorized as Translocated 184 (T). One year after translocation, translocated and resident tortoises were considered to be Ex-translocated (ET) and 185 Ex-residents (ER), respectively, to account for potential acclimatization of introduced animals (Nussear et al. 2012). 186 We note that one of the four translocation sites (SG) did not have native animals prior to translocation. No transloca-187 tions were carried out at the rest of the five sites, so all animals surveyed at those sites were labeled as controls in all 188 sampling periods.
189
Drought: The desert tortoise habitat in Mojave desert typically receives most of the rainfall during the winter 190 season. We therefore used winter rainfall to assess drought conditions in desert tortoise habitat. We defined winter 191 rain during a year as average rainfall from November to February and used it as a proxy of drought condition for the 192 7 Pratha Sah following year. We note that summer rainfall in desert tortoise habitat varies from west to east, where summer rainfall 193 becomes a larger component of the total annual precipitation in East Mojave desert (Henen et al. 1998). Therefore, 194 although we used winter rainfall as a proxy of drought conditions, we considered the effects of summer precipitation 195 implicitly by including seasonal rainfall as a separate predictor (see Table1). 
207
We carried out graphical diagnostics by inspecting the Pearson residuals for the conditional distribution to check 208 if the models fit our data in each case. We detected under-dispersion in both the regression models. Under-dispersed 209 models yield consistent estimates, but as equidispersion assumption is not true, the maximum-likelihood variance 210 matrix overestimates the true variance matrix which leads to over-estimation of true standard errors (Winkelmann 211 2003). We therefore estimated 95% confidence intervals of fixed and random effects using bootstrapping procedures 212 implemented in 'bootMER' function in package lme4. 213 We tested for the significance of fixed factors in both the models using likelihood ratio test (R function mixed from 214 afex package (Singmann 2013)). For significant categorical predictors, we used Tukeys HSD (R function glht from Bipartite networks of asynchronous burrow use across all sites demonstrated considerable variation in degree of tor-221 toise nodes and burrow nodes ( Fig. 3 ). Tortoises visited more unique burrows on average (4.03 ± 3.43 SD) and had a 222 greater range of burrows visited in active seasons (1-9) than in inactive seasons (average = 1.46±0.72 SD, range = 1-5).
223
Less than 40% of tortoises used more than one burrow during Nov-Feb (inactive) months ( Fig. 3a ). Most burrows in 224 desert tortoise habitat were visited by a single tortoise during active and inactive season (Fig. 3b ). Heterogeneity in 225 the number of animals visiting burrows, however, tended to be slightly more during the months of March-November 226 than November-February (active = 1.21±0.56 SD, inactive = 1.08±0.35 SD).
227
The tortoise social network (constructed as a single mode projection of tortoise nodes from the bipartite network) 228 demonstrated moderate clustering coefficient (0.36 ± 0.21 SD) and modularity (0.53 ± 0.15 SD). Twenty three of 229 the 24 social networks we analyzed had higher clustering coefficient and 18 social networks were more modular than 230 random networks ( Supplementary Table S3 ). Thirteen social networks out of the total 24 demonstrated significant 231 degree homophily (when nodes with similar degree tend to be connected) and 11 of those had positive associations 232 ( Supplementary Table S3 ). Positive degree homophily suggests that tortoises using many unique burrows often use the 233 same set of burrows and are therefore connected in the social network. Tortoise social networks also had a moderate 234 positive degree centralization which indicates a small subset of individuals used more burrows than the rest in the 235 sampled population. Within sexes, positive degree centralization was observed both within males (0.20 ± 0.08 SD) 236 and females (0.17 ± 0.06 SD). Homophilic association by sex ranged from -0.6 to 0.11 indicating a preference for 237 one sex to associate with the opposite. These negative sexwise associations, however, were not different than those 238 expected by chance.
239
The association between tortoises in their social network was inversely correlated with geographical distances 240 between them, indicating that individuals closer to each other preferred using the same set of burrows. The magnitude 241 of correlation ranged from -0.22 to -0.89 with an average value of -0.49 (Fig. 4 ). The P-value of the permutation test 242 for all sites across active seasons of all surveyed years was less than 0.05, indicating a significant effect of geographical 243 location on social associations ( Supplementary Table S4 ). This result of spatial constraints driving social interactions 244 is not surprising as geographical span of surveyed sites were much larger (>1500m) than the normal movement range Based on the observed heterogeneity in bipartite networks, we next investigated the relative effect of natural variables 249 and population stressors on burrow switching patterns of desert tortoises (viz degree of animal nodes in bipartite 250 networks) and popularity of burrows in desert tortoise habitat (viz degree of burrow nodes in bipartite networks).
251
Supplementary Table S5 presents the best models of BIC values for interactive predictors that explain burrow switching 252 in desert tortoises and burrow popularity. The three interactions tested for burrow switching models were sampling 253 period × sex, sampling period × seasonal rainfall and local tortoise density × local burrow density. We tested all 254 possible combinations of the three interactions. The best model contained an interaction of sampling period × seasonal 255 rainfall ( Supplementary Table S5 ). For the burrow popularity model, we tested all possible combinations of the 256 sampling period × seasonal rainfall, the sampling period × the local tortoise density and the local tortoise density × 257 local burrow density interactions. The best model included the sampling period × the local tortoise density and the 258 local tortoise density × the local burrow density interaction term.
259
Multicollinearity tests revealed all three measures of temperature (average, max and min) to have adjusted GVIF 260 values of >3. The three predictors were therefore dropped from both the models. We also removed the sampling period 261 × tortoise density interaction from the burrow popularity model as it inflated adj GVIF value of tortoise density to >3. 262 σ 2 estimate of tortoise identification and burrow identification random effect was negligible (tortoise identification: 263 σ 2 = 0, CI = 0-0.004, burrow identification: σ 2 = 0, CI = 0-0.01). Both random effects were therefore removed from 264 the regression models.
265
Effect of animal attributes 266 Sex/age class had a significant effect on burrow switching (χ 2 2 =16.75, P = 0.0002). Overall, adults used more unique 267 burrows than non-reproductives. Among adults, males used a slightly higher number of unique burrows than females 268 ( Fig. 5 ). There was no effect of body size on individuals' burrow switching behavior (χ 2 1 = 0.2, P = 0.65).
269

Effect of burrow attributes 270
Out of the six burrow attributes included in the model, burrow age and surface roughness around burrow had the 271 highest impact on burrow popularity, i.e., number of unique individuals visiting the burrow (burrow age: χ 2 1 = 46.07, 272 P < 0.0001, surface roughness: (χ 2 1 = 14.37, P = 0.0002). Burrow popularity was positively correlated with surface 273 roughness indicating that burrows in flat sandy areas were visited by fewer unique tortoises than burrows in rough 274 rocky areas (Fig. 5 ). Older burrows were visited by more unique individuals, with burrow popularity increasing e 0.08 275 times with each increment of age ( Fig. 5 ). Burrows in areas with higher topographical position as indicated by GIS 276 raster images were also more popular (χ 2 1 = 5.71, P = 0.02). active, and lowest in winter months (Fig. 5 ). In the late summer (July-August), tortoises demonstrated slightly lower 282 burrow switching than during the active season, but higher than the winter season. Within a particular year, the 283 direction of the effect of seasonal rainfall varied across different sampling periods (sampling period × seasonal rain: 284 χ 2 5 = 107.46, P < 0.0001). For example, high rainfall during the months of March-April reduced burrow switching in 285 desert tortoises. On the other hand, individuals exhibited higher burrow switching with higher rain during the months 286 of July-August ( Supplementary Fig. S3b ).
287
In contrast to the large variation in individuals' burrow switching behavior between sampling periods, popularity used fewer burrows when there were more tortoises in the vicinity (Fig. 5 ). In the burrow popularity model, higher tor-295 toise density around burrows increased number of individuals visiting these burrows (Fig. 5 ). There was a significant 296 interactive effect of the two density conditions on burrow popularity (χ 2 1 = 177.37, P < 0.0001) -increase in burrow 297 popularity with higher tortoise density was lower when there were more burrows in the vicinity of the focal burrow 298 ( Supplementary Fig. S4d ).
300
Effect of population stressors 301 Population stressors of drought, health and translocation had variable influences on burrow switching of desert tortoises 302 ( Fig. 5, Supplementary Fig. 5 ). As compared to residents and controls, translocated animals demonstrated lower 303 burrow switching during the year of translocation and also in the subsequent years ( Fig. 5, Supplementary Fig. S5a ).
304
We did not find any differences between burrow switching levels of individuals exhibiting clinical signs of URTD and 305 clinically healthy individuals (χ 2 1 = 2.51, P = 0.11). Burrow switching levels of all surveyed animals during drought challenging as it is difficult to quantify fitness costs in a long-lived species. Our study instead provides an approach 323 to build baseline models of burrow use patterns. Any large deviation to baseline levels may indicate lower survival, 324 foraging, and reproductive success for tortoises and thus burrow switching can serve as an immediate indicator of 325 population stressors affecting long-term fitness consequences. 326 We show that social networks in desert tortoises formed due to burrow use preferences cannot be explained by 327 random associations. In several wildlife systems, spatial constraints can play a large role in shaping social networks 328 (Davis et al. 2015), and non-random associations may not be definitive evidence of social organization in a population.
329
Desert tortoise social associations, however, were only moderately correlated to spatial distances, which corroborates 330 earlier studies that report social organization in desert tortoises (Niblick et al. 1994; Bulova 1997) . In general, the 331 social networks were also clustered (0.23-0.59) and modular (0.34 -0.68). However, higher clustering coefficient are less popular compared to rough higher elevation sites. Active popular burrows can therefore be used (a) as sentinels 373 of population health and (b) to identify critical core habitat for conservation and adaptive management of a wildlife 374 species.
375
Of three potential population stressors that we included in our model (disease, drought, translocation), translocation there was no evidence of disease influencing burrow use behavior in the present study, we note that it is likely for 394 burrow use behavior (and in particular the burrows themselves) to drive infectious disease patterns in desert tortoises 395 either directly, through cohabitation instances, or indirectly, by serving as focal sites of social interactions.
396
Conclusions 397
Our study demonstrates non-random associations in desert tortoises based on refuge use patterns. We formulate sta- Pratha Sah gregarious. For these species, refuge switching often correlates to reproductive and foraging success, and patterns 403 of refuge use can be an important aspect to consider before implementing any management or conservation strategy.
404
For example, popular refuges can be used to identify core habitat areas. In addition, sudden changes in the refuge 405 switching behavior of individuals can be used as an early warning signal of disturbances that may ultimately affect 406 population fitness. More broadly, our study provides insights towards the presence of and mechanisms behind non-407 random social structure and individual variation in a relatively solitary species by analyzing refuge-based associations.
408
The structure of networks in social species is known to affect population stability and resilience to infectious diseases.
409
Future studies are needed to establish such functional roles of social networks in relatively solitary species.
410 
Local tortoise density
Continuous For burrow switching model: the average number of individuals found within 10,000 sqm grid around the focal tortoise each day of sampling period when the animal was surveyed. For burrow popularity model: number of individuals found in 10,000 sqm grid around the focal burrow averaged each surveyed day of the sampling period Local burrow density Continuous For burrow switching model: the average number of active burrows in 10,000 sqm grid around the focal tortoise each day of the sampling period when the animal was reported. For burrow popularity model: the number of active burrows in 10,000 sqm grid around the focal burrow. A burrow was considered to be active if it was reported to be occupied at least once during the current or any previous sampling period 
